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The effect of vibrational excitation upon the chemisorption
of methane on thin films of rhodium has been investigated.
Vibrational modes of the gas are selectively excited by infrared
radiation. The rate of reaction is measured by following the
pressure decrease in a closed system containing CH^ in contact
with the metal surface. Neither irradiation with a He-Ne
laser at 3.39 (j, to excite the inode, nor using an arc
source with wavelengths overlapping 2v^, produces
any detectable changes in the rate. From these experiments we
-4estimate that the reaction probability of CH^ is < 1 x 10 in
-2the first excited state of and < 7 X 10 in 2vg. Other
excitations must be involved in overcoming the barrier of
** 7 kcal/mole which has previously been found for the chemisorption
of CH, on rhodium.4
a) Supported by the National Science Foundation under 
Grant DMR76-82088A01
Apart from its obvious practical importance, the interaction of methane
with metals is of interest in that its dissociative chemisorption at a
surface requires a significant activation energy. This is quite different
from the behavior of the simple diatomic gases; methane thus affords a
good opportunity for probing the mechanism of chemisorption.
Considerable work has already been done to examine the behavior of 
1 2  3methane on metals. ’ * It was shown some time ago that thermal excitation
of the gas alone suffices to bring about dissociation on a cold rhodium
4surface. Molecular beam studies have established that the barrier over 
which the gas must be excited amounts to 7 kcal/mole; this is of the same 
order of magnitude as the spacing of the vibrational states of methane.
There are surprisingly large differences in the behavior of deuterated 
and ordinary methane: the reactivity of the former appears to be an order 
of magnitude lower.^ Similar effects have also been observed in experi­
ments on tungsten, in which the surface rather than the gas was heated.
The mechanism of the excitation process which leads to molecular 
dissociation at the surface does not emerge unequivocally from any of 
these studies. However, it is clear from the large differences in the 
behavior of isotopically substituted methanes that some quantum-mechanical 
effect is involved. More detailed studies of how isotopic substitution 
changes the rate of chemisorption of thermally excited methane are 
certainly in order.
Insight into the mechanism of dissociation should be attainable more 
directly, by promoting methane molecules incident upon a surface to 
specific excited states. The molecular vibrations are of special interest,
A P-1020
Fig 1. Normal modes of methane
2because of the similarity between the activation barrier and vibrational
£energies. Furthermore, it is known that some gas phase reactions are
markedly affected by such excitation. The normal modes of methane, and
7 8the frequencies at which the band centers have been observed, * are 
indicated in Fig. 1. Only the asymmetric stretching mode and the 
bending mode are strongly infrared active. The energy of the first 
vibrational state of the former is 8.63 kcal/mole above the ground state, 
comparable to the activation energy of ( V  7 kcal/mole observed in molecular 
beam experiments. In contrast, the energy of the first vibrational state 
°f is only 3.73 kcal/mole. This is much less than the experimental 
activation barrier,and populating the first level of is therefore 
unlikely to affect the dissociation process significantly.
Exciting the asymmetric stretch is particularly easy; the P(7)
manifold overlaps the 3.39 p, transition of the He-Ne laser. Overtones 
of the methane fundamentals also occur with reasonable intensity in the near 
infrared, where simple light sources are available. We have therefore 
carried out an exploratory examination of the effect of directly exciting 
the v^ as wall as the 2v^ vibrations of methane upon the rate of 
decomposition of the gas at a rhodium surface.
I. EXPERIMENTAL CONSIDERATIONS
A. General
The aim of this study is to detect changes in reaction rate brought 
about by vibrational excitation of methane incident upon a metal surface. 
Intense sources are still lacking in the near infrared, so it is important 
to maximize the signal-to-noise ratio in such experiments. This makes it 
desirable to eliminate from the system energetic electrons that may fragment
Fig. 2. Schematic of equipment for adsorption studies under 
irradiation.
3the methane, ’ thereby inducing a spuriously high rate of reaction with 
the surface. In our experiments, chemisorption is measured by following 
pressure changes in a closed system, built almost entirely of glass, using 
a high sensitivity Pirani gauge.^ The apparatus is shown schematically in 
Fig. 2. The surface is formed in an ultrahigh vacuum,by evaporating a 
thin film onto the cylindrical walls of a tube 33 cm in length,with a
2diameter of 2.7 cm; the geometrical area of the film so formed is «=* 200 cm .
The ends of the tube are capped by quartz windows. Infrared radiation is
passed through these windows to excite the CH^, which typically is at
-3pressures in the vicinity of 2 x 10 Torr. Gas is obtained from a glass 
bottle of analyzed reagent grade methane. Prior to introducing it into the
measuring cell, the methane is cleaned by storing it, usually at
3 3 X X o20 X 10 Torr, over titanium getters * maintained at 195 K.
B. Pressure Measurements
The heart of the equipment is the high sensitivity differential Pirani 
system. This is made of two LKB 3596 tubes, one a dummy gauge always kept under 
ultrahigh vaccum, the other connected to the reaction cell. The two gauges 
are lagged together with aluminum foil,so as to establish good thermal 
contact between them, and are operated by the circuit shown schematically 
in Fig. 3.
The rational for using two gauges becomes apparent from the following 
considerations. A Pirani actually measures the power dissipated from a hot 
filament, at temperature T^, to the walls of the tube, at a lower temperature 
T2* For a filament of surface area A, the power dissipation by radiation,
conduction down the leads, and conduction through the gas at pressure p, is
. 10,12given by
Fig. 3. Overview of control circuit for differential Pirani system.
The two bridges are operated at opposite polarities, to allow 
comparison of the main gauge and the dummy.
4w = aAe(T^ - T^ ) + K(TX - T2) + pC(Tx - T2) . (1)
Here a is the Stefan-Boltzmann constant, and e the radiant emissivity of 
the filament; K is related to the thermal conductivity of the leads, while 
C is a constant that depends upon the heat conductivity of the gas and its 
accommodation coefficient. The first term, for radiative losses, 
dominates all others and must be subtracted from the power dissipated to 
achieve a measure of the pressure. This is accomplished by comparing the 
dissipation in the gauge P connected to the cell, with that in a dummy D, 
maintained in an ultrahigh vacuum. In our arrangement each gauge is 
powered by its own bridge circuit, in which an error amplifier maintains 
the filament at a preset temperature T^. This is made the same for the 
two gauges by adjusting the resistor R^. We assume that conduction down 
the leads is negligible and that T2, the temperature of the wall, is the 
same for the main gauge and dummy. In the absence of any gas, the 
voltage across the gauge in the cell and across the dummy then stand in 
the relation
Vp/VD = C(V pV /(S V d )]% ■ Y ’ (2)
where Q denotes the resistance of the filament. Although individually 
and are strongly temperature dependent, the ratio V is independent 
of the wall temperature T2.
When gas is now introduced into the cell, the power dissipated in that 
Pirani changes to
wp = w° + AW = (V° + AV)2/3p. (3)
At low enough values of the pressure ,the change in the power dissipation, 
Aw, is proportional to the pressure p, and
5P CC Aw (2AW° + AV2)/ft « 2p n
v°_£ AV. (4)
The change in the voltage AV across the Pirani filament when gas is
introduced into the cell therefore serves as a linear indicator of the
pressure in the gauge. To measure the pressure, it. is necessary to subtract
from the total voltage V across the Pirani that part, V^, which arisesP P
from mechanisms other than gas conduction. The value of AV can be obtained 
by comparison with the dummy gauge, in thermal contact with the Pirani in
the cell, making use of Eq. (2). That is,
0 0Av = v - v = v - yv_ .P P P D (5)
In our control system, this comparison is done automatically, by sub­
tracting the voltage across the dummy from that across the Pirani gauge 
in the cell, using an operational amplifier summing circuit. In the absence 
of gas, the output of the summing amplifier is nulled by adjusting the 
resistor Rg; this insures that the output in the presence of gas will 
conform to Eq. (5). The assumptions underlying this equation are not 
strictly satisfied by our system. Nevertheless, for changes in the bath 
temperature amounting to less than 10°K, AV is indeed found to have a 
negligible temperature coefficient.
In operation, the main gauge, the dummy, as well as the entire 
reaction cell are immersed in an oil bath which maintains the temperature 
constant to better than + 0.05°K. To conveniently read small changes in 
the pressure ,the output of the control system is compared with a bucking 
voltage using a differential voltmeter (Fluke 895 A). Under these condi­
tions pressure changes can be measured to within 0.02% of the total pressure 
or the noise limit. The absolute pressure calibration has been established
6in separate experiments with N^, by simultaneous readings with the Pirani 
as well as with a Bayard-Alpert gauge. The methane calibration is 
deduced from the difference in heat capacities for and CH^; the 
validity of this procedure has also been checked by direct readings for 
methane with an ion gauge. ^
The Pirani system, rather than a more routine pressure sensor, was
adopted to avoid undesirable side reactions from electron sources. To
ensure this, the operating temperature of the Pirani filaments is set at a
low value (415°K), at which the evolution of formed by decomposition of
CH^ should be negligible, given that the total filament area amounts to less 
-2 2than 5 X 10 cm . This has been checked by trial runs in which methane is 
introduced into the system without first depositing a fresh rhodium film. 
Under these conditions, the pressure changes are at least two orders of 
magnitude below the rates found in normal adsorption experiments.
The performance of the measuring system can be judged by the recorder
traces, prior to and during an adsorption run, in Fig. 4. Background noise
-7 -6amounts to « + 2 X 10 Torr and pressure changes below 10 Torr
can be readily discerned.
C. Light Sources
Excitation of the v fundamental of CH, is done with a He-Ne laser3 4
(Jodon) optimized for operation at 3.39 p, and delivering 38 mW at this 
wavelength. Radiation flux is monitored continuously with a thermopile 
(Sensors Inc., Model S-15) placed at the exit window of the cell.
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Fig. 4. Recorder output of differential Pirani system. Pressure trace 
is taken during an adsorption experiment, at the same recorder 
sensitivity as the background measurements without gas in the 
cell.
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7To explore the possibility of exciting overtones of CH^, the laser is 
replaced by a 500 W xenon short arc lamp (Hanovia 959-C98), with an effective 
arc diameter of <=» 0.3 mm. This source is mounted in an Oriel housing equipped 
with an f/0.7 condenser, of 50 mm focal length, made of both Pyrex and fused 
silica elements. According to data supplied by the manufacturer, the system 
delivers 48 W/p, at 1.67 p,. For our combination the transmission drops 
rapidly above 2.5 p; short wavelength radiation from the xenon arc is cut 
off by a silicon filter with a transmission greater than 88% from 1.5 to 
4.5 p, (OCLI 6040007-ST).
D. Adsorption Measurements
Experiments are initiated once the system pressure has been brought 
below 10 ^  Torr, and the evaporator has been thoroughly cleaned at high 
temperatures. After thermostatting the cell, the operation of the Pirani 
is checked, and methane is introduced into the gas handling system, in which 
fresh titanium has previously been evaporated. After cleaning the gas for 
30 min, a rhodium film is deposited in the cell, valve is closed, and 
methane is admitted until a pressure in the desired range is achieved.
The cell is then isolated by shutting valve V^, and the pressure in the 
closed system is monitored continuously, typically over a period of an 
hour. During this period the cell is irradiated at odd moments with the 
chosen light source.
To carry out a new run, the gas is pumped out (using mercury diffusion 
pumps) for two days. Only then is the ionization gauge turned on and the 
evaporation filaments are slowly outgassed. This procedure is followed to 
avoid fragmentation of methane and the creation of reactive by-products.
The temperature of the bath is allowed to rise «=* 20°C during this step.
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Fig. 5. Pressure diminution for CH^ over rhodium film. Arrows
indicate periods during which methane was irradiated with 
the He-Ne laser at 3.39 |i.
8Finally, when the pressure has been restored to the 10 10 Torr range, 
several hundred atomic layers of fresh rhodium are deposited, the bath 
temperature is reset, and the system is ready for new experiments, which 
again start with the introduction of methane into the gas handling system.
II. VIBRATIONAL EXCITATION AND ADSORPTION OF CH,4
A. Excitation of
In Fig. 5 are shown the results of two adsorption experiments on 
rhodium films maintained at 303°K. At the times indicated during each run, 
the methane in the cell is illuminated with 3.39 |i radiation from the He-Ne 
laser.
That the methane does, in fact, absorb the radiation was demonstrated
in separate measurements, carried out after the adsorption studies.
Shown in Fig. 6 is the radiation flux received by the detector at
the cell exit,as a function of the methane pressure in the cell.
The absorption coefficient of 0.16 cm"1 Torr"1 calculated from these data
is in good agreement with the most recently reported value of 0.169 cm"
Torr 1. The radiative lifetime of CH^ molecules16 so excited is 37 msec.
This is more than two orders of magnitude larger than the average time
a methane molecule spends between encounters with the cylindrical walls 
17of the tube. Only collisions with ordinary methane molecules, or with 
the walls, will therefore be important in decreasing the population of the
ovibrationally excited methane. In the gas phase at 2 x 10 Torr, the
mean free path, deduced from Eq. (A6), amounts to 2.46 cm. At this
pressure, roughly half the molecules excited by the laser should strike
Pressure (10"3Torr) A P - 1019
Fig. 6. Laser power transmitted through reaction cell (33 cm long) 
as a function of the methane pressure.
Absorption coefficient = 0.16 cm  ^Torr
9the rhodium film without experiencing a collision in the gas phase.
In any event, the probability of energy transfer is only 0.02 per 
19 20collision, * so the fraction deexcited prior to reaching the walls is negligible.
From the measurements in Fig. 6, we estimate that irradiation promotes 
2 out of 10  ^CH^ molecules striking the cell walls into the first excited 
state of the asymmetric stretching mode. For the unirradiated gas, the 
sticking coefficient at 303°K amounts to« 1 X 10 Activation of even a 
small fraction of the incident molecules into a state of high reactivity 
should therefore bring about significant changes in the pressure. However, 
there is no indication in the pressure vs time traces of Fig. 5 that laser 
irradiation changes the course of the adsorption. No change in the shape 
of the pressure curve is apparent during the illumination.
In fact, the entire course of the adsorption is independent of 
irradiation and can be described by assuming that the rate of chemisorption 
is proportional to the product of the impingement rate and the fraction of 
the adsorption sites available for reaction with the gas. For such a process, 
the pressure decay is given by
~ dt " A0P ^  " (P0’P) N. kT  ^* (6)A
and the pressure itself by
exp [A0t(l-Q0)-Q()] (7)
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Fig. 7. Deviation of pressure data in Fig. 5 from Eq. (7). Arrows 
indicate irradiation with He-Ne laser.
10
Here p^ is the initial pressure, Qq represents the ratio of the number of 
molecules initially in the cell to NA,the total number of sites available 
for chemisorption of methane, and Aq stands for the initial rate (d i,np/dt)t_Q 
Every experiment can be fitted in this way. Using a least squares fitting 
program, the parameters Aq and can be adjusted to give agreement between 
Eq. (7) and the experiments within the error in reading pressures on the 
chart recorder. This is demonstrated by the curves in Fig. 7, showing the 
deviation between Eq. (7) and the original data. No effect of irradiation 
upon the rate can be discerned.
Computer simulations of adsorption runs,with random errors in the
pressure measurements comparable to those in the actual experiments»suggest
that a change in the sticking coefficient of as little as + 2% should be
readily apparent. Taking into account the sticking coefficient of ordinary
methane, and the fraction of the incident molecules excited by irradiation,
we conclude that for methane in the mode, the sticking coefficient is 
-4less than 1 x 10
B. Excitation of 2v^
When methane vibrationally excited in the stata collides with other
methane molecules, there is a rapid relaxation of the excited population.
19 20According to Moore, ’ energy transfer out of occurs primarily through 
near resonant excitation of 2v^>which has a radiative lifetime even larger 
than v2• If this is indeed the mechanism of energy transfer, then it should 
be possible to test the reactivity of CH^ in the 2V^ state by repeating the 
laser irradiation at higher methane pressures, at which molecules initially 
excited into undergo a significant number of collisions in the gas phase 
before striking the adsorbing film.
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Fig. 8. Deactivating collisions experienced by a methane molecule 
starting on the center line of the reaction cell, prior to 
first reaching the walls. Estimates for the number of 
collisions are based on Eq. (A5); the fraction of molecules 
lost out of Vo is calculated assuming a deexcitation prob­
ability of 0.02 per collisions.20
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An estimate of the number of deactivating collisions to which an
excited molecule is subjected prior to colliding with the walls is
plotted in Fig. 8 for different gas pressures. As already indicated,
essentially all the excited molecules reach the metal film under the
conditions described in the previous section. At pressures from 
-21-5 X 10 Torr, however, a finite transfer of vibrational energy to other 
excited states can be expected, yet the background thermal reaction 
proceeds slowly enough to allow reasonable measurements.
Two adsorption experiments under these conditions are shown in Fig. 9.
It should be noted that at the higher of the two starting pressures, a
significant fraction of the surface has already reacted with methane prior
to the start of careful pressure measurements. Nonetheless, it again
appears that, within the limit of error of the measurements, irradiation
has no effect upon the rate of chemisorption. If, following Hess and
20Moore, we assume that de-excitation of v occurs by populating the 2v state,j 4
then we can set an upper limit to the sticking coefficient for molecules in
• -3 mmOthis state at 1 X 10 from the measurements at p^ = 1 X 10" Torr, and 
-5 -2at 9 X 10 from the run at 5 X 10 Torr. A word of caution is in order,
20however. Hess and Moore indicate that transfer from to 2CH^ (v^) may
also be significant. That would raise the estimates for the upper limit to
the sticking coefficient of methane in 2v^. In fact, de Vasconcelos and 
21de Vries claim,from their recent spectrophone studies, that formation of 
the 2v^ state of methane is not at all important in the de-excitation of v^. 
Until this question is resolved,an unequivocal interpretation of measurements 
at these higher pressures is not possible.
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Fig. 9. Pressure changes for methane over rhodium film. Irradiation 
by He-Ne laser is done with CH^ at pressures for which there 
is a significant transfer of energy, from methane molecules 
excited in into other modes.
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C. Excitation of 2v^
In Table I are listed the fundamental transitions of methane observed
in the infrared, together with overtones up to 1.6 p,. Although absorption
cross sections for the overtones are two orders of magnitude smaller than
for v -jj a significant population of .excited states can nevertheless be
achieved by irradiation with a high pressure xenon lamp. The results of
such experiments are shown in Fig. 10. As in our previous studies at
3.39 p,, irradiation with the arc source has no discernable effect upon the
rate at which CH^ reacts with rhodium. The entire course of the adsorption
experiment is nicely fitted by Eq. (7); irradiation does not cause any
significant deviation from the dark reaction.
In the range of wavelengths accessible with our source, that is
between 1.5 and 2.5 p,, there appear several overtone bands of methane.
However, the really strong transition, v2 + is excluded. We
limit ourselves to estimates of the reactivity of CH^ excited into the
second vibrational state of for which reliable values of the integrated
23intensity are available. Under the conditions of our experiments, we
know that a change of + 2% in the slope of the pressure vs time plot is
g
detectable. With our source, 3.5 in 10 of the molecules striking the wall
are excited into 2v^. We conclude that the sticking coefficient of CH^
molecules in the second vibrational state of must be less than 
-27 X 10 in order not to be observed.
III. CONCLUSIONS
Our experiments have not revealed any noticeable enhancement in the 
reactivity of CH^ at a rhodium surface,brought about by vibrational excita­
tion of the incident molecules using infrared radiation. Only the studies
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Fig. 10. Pressure changes for methane over rhodium under irradiation with 
xenon arc. Ordinate at right gives deviations from Eq. (7).
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on the V3 anc* 2v^ modes can be safely interpreted. For methane in the
first vibrational level of the probability of reaction is found to be
4less than 1 in 10 ; in the 2nd level it is less than 7 in 100.
To evaluate the significance of these results, it is useful to recall
the molecular beam studies of Stewart.1 In these field emission experiments,
the surface was a single crystal tip. However, the measurements done there
reflect molecular behavior on the atomically rougher portions of the tip,
and it is therefore not unreasonable to compare them with the present
work on evaporated films. Stewart found that heating the gas significantly
enhanced the rate at which methane molecules were able to chemisorb on
rhodium. One of the important conclusions from his experiments is that
deexcitation during collision with the cold surface is not fast enough to
prevent this reaction. Although absolute determinations of the sticking
24 25coefficient s_ were not attempted, his studies * suggest a relation of 
the form
-3 3s «  3 x 10 exp -(7 x 10 /R-T) , (8)
where is the gas constant. Molecules in the first vibrational level of 
have an energy comparable to this activation energy; in 2V  ^they have 
twice as much energy. The latter therefore could not be important 
contributors to the reaction of the thermally excited molecular beam - 
their equilibrium population is too small to be of any consequence.
From our own experiments, it appears now that despite their high energy, 
molecules in 2v^ d° not react rapidly with the surface. Redistribution 
of this considerable store of vibrational energy during collision with 
the surface also is not particularly effective in promoting dissociation.
14
Our experiments on direct excitation eliminate as being 
significant in the thermal reaction. At 705°K, the highest temperature in 
Stewart’s beam studies, 0.467o of the incoming methane molecules are in 
this state. From the present measurements it is clear that the contribu­
tion to the sticking coefficient made by such molecules is less than 
5 x 10 one fortieth the value actually found by Stewart.
A second conclusion from our measurements is that simple extension of 
the H-H distance in methane cannot be the step limiting chemisorption.
This qualitative notion was suggested earlier,1 as being in keeping with the 
large isotope effects in molecular beam experiments. Promoting a methane 
molecule into the 1st vibrational level of markedly increases the mean 
square distance between H atoms. If this particular model were correct, 
then the rate of chemisorption should also be increased significantly. 
However, our experiments reveal no such effect.
Still to be answered is the basic question of how to envision the 
decomposition of thermally excited methane molecules at a metal surface.
The present experiments do not rule out the possibility that vibrational 
states,other than the two explored here by direct excitation,are important. 
Detailed studies of the effect of isotopic substitution on the rate at 
which methane chemisorbs are under way to examine this possibility and 
will be reported separately.
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APPENDIX: COLLISIONAL DEACTIVATION OF EXCITED MOLECULES
To estimate the number of collisions experienced by a molecule
excited near the axis of a cylindrical reaction cell, we idealize the
actual situation as a 2-dimensional problem. A vibrationally excited
methane molecule is presumed to start at the origin of a circle of
radius R, equal to the radius of the reaction cell. We also assume that
the mean free path X is small compared to the radius, so that the molecules
27can be considered to be in Brownian motion. The mean time required to 
first reach any point at a distance R from the origin is then
where D is the diffusion coefficient. We are interested in (t ) ©, the
average number of collisions prior to reaching the walls. The collision
number ©, that is the number of collisions experienced by one molecule in
. 18unit time, is given by
<t > = R2/4D, (Al)
© = v2/^ 2 » (A2)
and the diffusion coefficient by
2 2 2 * (A3)
Here X2 is the mean free path, and the mean speed, projected onto 
a plane. The former is related to the ordinary free path X through
(A4)
so that
<t > © = 8(R/ttX)2 . (A5)
For the mean free path, we write
. frM M 2.-1 X = (2 N TT cr ) ; (A6)
N is the number of molecules per unit volume, and a the collision diameter.
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